INTRODUCTION
============

Aphasia is one of main manifestations of stroke, which is most common cause of long term disability. Croquelois and Bogousslavsky ([@B1]) reported in their study of 1,500 consecutive cases of post-stroke aphasia, 1,387 (90%) had left hemisphere lesion while 79 (5%) had lesion in the right hemisphere and the rest 75 (5%) bilateral lesion.

Crossed aphasia (CA) was first defined as a language disturbance after right hemispheric stroke in dextrals ([@B2]). Majority of aphasia in right handed individuals are caused by left hemisphere stroke, and crossed aphasia following a right hemispheric lesion is rarely observed. The prevalence of CA in right handed patients is reported to be between 0.38 and 3% of all aphasic syndromes. The diagnostic criteria for CA are: 1) aphasia; 2) lesion in the right unilateral hemisphere; 3) strong preference for right hand use without familial history of left handedness; 4) structural integrity of the left hemisphere; and 5) absence of brain damage in childhood ([@B3]). Many cases have been reported over the last decade but precise mechanisms underlying language disorders of crossed aphasia are not yet completely understood ([@B4]). Proposed explanations for crossed aphasia include 1) a previously silent or unrecognized lesion in the left hemisphere that is somehow rendered symptomatic by a new lesion in the right hemisphere, 2) ipsilateral control of the dominant hand, 3) bilateral representation of linguistic functions; and 4) an arrested developmental stage in the lateralization of language function ([@B2]). The patterns of lesion distribution and recovery are reported to resemble those of uncrossed aphasia. Despite both oral and written modes of language comprehension being rarely induced by right hemispheric stroke aphasia, CA does not account for all right hemisphere lesion causing language impairments ([@B5]). Theories about the pathogenesis, clinical manifestations and lesion sites of crossed aphasia are still controversial despite many case reports in the literature. However, demonstration of the anatomical lesion accounting for CA has never been explicitly demonstrated, and no study on brain mapping of the frequent involved site related to CA has been performed to our knowledge up to now.

Therefore, we performed mapping of brain MRI images of seven aphasic stroke patients with ischemic lesion limited to the right hemisphere, to localize the region responsible for the CA.

MATERIALS AND METHODS
=====================

Subjects
--------

Aphasic patients with right hemisphere lesions from 2005 to 2011 were retrospectively reviewed through medical records. The inclusion criteria other than the definitions of CA (See introduction for diagnostic criteria for CA) are as following: 1) first ever stroke; 2) no history of previous aphasia of any kind prior to stroke; 3) presence of initial brain MRI images within 3 days of stroke onset (only the initial MRI was analyzed); 4) record of initial speech evaluation within 3 weeks of stroke onset; without hearing loss or difficulties; 5) and those without tracheostomy. Brain MRI images and speech evaluation data of 9 patients with aphasia and right hemisphere lesion were gathered and their findings were recorded. Out of the 9 patients, one patient was excluded because the speech evaluation revealed severe cognitive impairment affecting conversation, rather than true aphasia, and another patient was excluded because speech evaluation was not carried out completely due to poor cooperation. The demographic data included subjects\' years of education, onset and the number of days from stroke onset to initial speech evaluation. Korean version of Western Aphasia Battery (KWAB) ([@B6]), an instrument for assessing the language function of adults, was used to discern the presence, degree, and type of aphasia. The categories of KWAB included spontaneous speech, comprehension, repetition, naming and aphasia quotient (AQ). The AQ is the summary score that indicates overall severity of language impairment. The brain MRI images, especially the T1 and FLAIR views, were thoroughly reviewed with reference to the official readings by expert neuroradiologist to make sure there are no bilateral lesions.

MRI and FLAIR imaging acquisition
---------------------------------

MRI was conducted using a 1.5-T unit (Intera, Philips Medical Systems, Best, The Netherlands) with a sensitivity-encoding (SENSE) head coil, and head/neck synergy coil. Fluid attenuated inversion recovery images (acquired voxel size = 0.5 × 0.5 × 1 µL, transverse orientation) was used for visualizing the lesion. A total of 68 axial images were collected for each subject, encompassing the whole-brain. DICOM files collected from scanning were acquired and spatially normalized into reconstructed images of isotropic voxel size of 2 × 2 × 2 µL using SPM8 implemented in Matlab (Version 7.8.0. The Mathworks Inc, Natick, MA, USA) ([@B7]).

Lesion mapping
--------------

MRIcro was used to manually define outline of the hyperintense lesions in the spatially normalized FLAIR images with reference to the co-registered T1-weighted images for additional guidance by a physician blind to patients\' speech impairment ([@B8]) using Bamboo™ (Wacom) program to enhance precision. Out of the total 68 axial slices, 34th slice was set as the median level and 3 additional levels both below and above the 34th slice were selected, with total of 7 levels, for analysis. The 7 levels were separated by 5 slices, and region of interest (ROI) were drawn at the slices of 19, 24, 29, 34, 39, 44, and 49. Seven slices of the patients were overlayed at each level to overlap the ROIs and visualize the overlapped areas. The overlapped areas were displayed by use of a color coding to depict the number of overlapped ROIs (red = 7, yellow = 6, lime = 5, green = 4, blue = 3, navy = 2, purple = 1) at each level. After completing above process for all of the selected slices, talairach space coordinate of the exact anatomical site of the most overlapped area was marked at the center of each most overlapped region using the MRIcro software. The talairach space coordinates gained were then inputted to the Talairach-Client program to convert the coordinates into the anatomical names at the marked coordinate as well as anatomical structures within 5 mm or nearest gray matter of the centre of the ROI. Anatomical lesions at which more than 3 patients\' images were overlapped were considered significant, and the names of anatomical regions were listed in the order of frequency of appearance.

Ethics statement
----------------

This study was approved by the institutional review board of Seoul National University Bundang Hospital (IRB No. B-1101-120-110). Informed consent was exempted by the board.

RESULTS
=======

Crossed Aphasia
---------------

The patients\' (4 males) age at the time of stroke ranged from 51 to 74 yr, with mean of 68 yr. The duration from onset of the stroke to the initial speech evaluation was from 6 to 21 days, with mean of 12.7 days. The total years of education in their lifetime ranged from 0 to 9 yr with mean of 4.3 yr. The patients were all right handed (judged by the Edinburgh inventory) ([@B9]) with no family history of sinistrality ([Table 1](#T1){ref-type="table"}). The aphasia types were transcortical motor (n = 3), global (n = 2), anomic (n = 1), and motor (n = 1). KWAB results are summarized in [Table 2](#T2){ref-type="table"}. Spontaneous speech assessment results ranged from 13% to 81%, comprehension 3% to 89%, repetition 1% to 99%, naming 11% to 88% and AQ from 14% to 78%, showing wide range in every categories of the speech evaluation ([Table 2](#T2){ref-type="table"}). The sites of lesion in the right hemisphere were frontal, temporal, parietal lobes, basal ganglia and thalamus. There was no specific characteristic pattern or correlation between the lesions sites and aphasia types. As for the site of lesions per patient, parietal lobe involvement was always accompanied by involvement in the temporal lobe (in 3 of the patients), whose aphasia types all differed (global, motor and transcortical motor). Basal ganglia was involved in 2 patients, while thalamus and frontal lobe were involved in 3 patients, also showing no specific relationship with the types of aphasia.

Imaging analysis
----------------

Five patients overlapped with talairach space coordinates at the center of the ROI of -32×-22×-14 in the first slice, 6 patients overlapped with talairach space coordinate of -30×-12×-4 in the second slice, 5 patients overlapped with coordinates of -30×-14×6 in the third slice, in the fourth slice, 5 patients overlapped with coordinates of -28×-18×16, and in the fifth slice 4 patients overlapped with coordinate of -34×-8×26. In the sixth and seventh slice, less than 3 patients\' images overlapped and were therefore not anatomically analyzed. [Fig. 1](#F1){ref-type="fig"} shows the axial view of each level with open circle indicating the region with the highest number of ROIs (more than 4 overlaps). The last two slices (44 and 49) has no indicating open circle since the ROI overlap is less than 3. The sagittal slice in the right below shows the level of the 7 slices at which the analysis of ROI was performed. The overlayed ROIs of 7 patients revealed the commonly involved areas as following: lentiform nucleus was overlapped in 6 patients, limbic lobe, the parahippocampal gyrus and claustrum were overlapped in 5 patients and, frontal lobe and precentral gyrus were overlapped in 4 patients. The lentiform nucleus was observed as the most frequently involved areas in CA patients, and slice 24 was the level with most ROI overlaps.

DISCUSSION
==========

The lentiform nucleus was found to be the most frequently involved neural substrate responsible for CA, overlapping in 6 out of 7 patients. So far, mapping of the lesion to find out the common site resulting in CA in dextral has not yet been undertaken. Although lentiform nucleus and the putamen have been suggested to be the lesions underlying CA in several case reviews, specific imaging analysis was not carried out. This is the first study to analyze MRI images to localize the frequently involved area by visualizing the overlapped lesion areas in the CA patients.

In reviewing clinical features of acute infarctions limited to the lentiform nucleus, it was revealed that acute lenticular infarction induces mainly hemiparesis, and associated sensory deficits, aphasia, and hemineglect underline the function of lentiform nucleus in connection with the prefrontal, temporal, and parietal cortices ([@B10]). In a longitudinal PET study, aphasic patients showing higher activity in right thalamus and lentiform nucleus significantly recovered better than those who did not at one year post-stroke, suggesting that right thalamus and lentiform nuclei contribute to aphasia and its recovery ([@B11]). In a report of one CA patient with involvement of the lentiform nucleus, the caudate nucleus and the internal capsule, cortical regions known to be of some relevance for language - supra-marginal, angular gyrus and the superior temporal gyrus, were spared. Furthermore, relating to two other cases, intra-hemispheric deep locations involving parts of basal ganglia, putamen and caudate were described as the common areas responsible for aphasia. They made an observation that deep structures, solely or not, are mostly involved in CA, unlike aphasia caused by left hemisphere lesion, and there may be a relationship between the involvement of right basal ganglia and occurrence of CA ([@B12]). Despite frequently mentioned right basal ganglia, putamen and lentiform nucleus in the case reviews of CA patients, the pathophysiology explaining their involvement had not been fully given, or were left inconclusive yet, when it came to correlating the lesion site and aphasia. Pure ischemic stroke limited to putamen has been rarely reported. Most putaminal lesion resulted from head trauma, and not limited to the putamen, usually involving adjacent structures ([@B10]). In a study of patients with lenticular infarcts which attempted to classify the types of clinical syndromes, 5 out of 16 cases of putaminal infarction showed language impairment, but they were all left side infarcts. The speech disorders seen among these patients were transcortical type of aphasia, characterized by hypophonia, reduced output, verbal paraphasias, and preserved repetition ([@B13]). Likewise, as seen in our results, in spite of lentiform nucleus being the most frequently involved site of lesion, none of the cases were limited only to the lentiform nucleus.

The most common cause of CA has been reported to be secondary to vascular lesions ([@B2]). The importance of careful control for etiology when suspecting CA has been argued. In a case report of CA whose initial brain CT showed hemorrhagic lesion only in the right frontal area while EEG revealed left occipitotemporal dysfunction that accounted for aphasic manifestations. The authors did not include traumatic cases, suggesting much higher incidence of CA in traumatic patients owing to undetected countercoup lesion in the left hemisphere ([@B15]). However, all of our 7 patients had ischemic lesions, therefore avoiding the possibility of accompanying left hemispheric dysfunction that could potentially induce aphasic symptoms. PET study of CA suggested that diaschisis might be responsible for the occurrence of CA, for example the presence of functional depression of language areas in the left hemisphere together with structurally abnormal lesions in the right hemisphere ([@B15]).

The theory of unilateral right hemisphere involvement in CA was further supported by SPECT study of a patient who developed non-fluent aphasia after resection of right parietal arteriovenous malformation. The SPECT study showed reduced perfusion only in the right hemisphere as well as language activation only in the right frontal lobe after naming task ([@B16]). Furthermore, abnormal dominance for some language functions in the right hemisphere underlying the syndrome of CA was demonstrated in 3 CA cases ([@B2]). In our study, MRI of the 7 subjects taken in the very acute stage showed right hemisphere lesion only, supporting the right hemisphere dominance as the basis of CA, rather than diaschisis ([@B2]). Role of the right hemisphere in speech process is not as obvious as the left hemisphere, and involvement of left basal ganglia in speech is also not yet clearly identified. Disinhibited speech behaviors in, both deep and superficial lesions, display less precise specificity than the cortical structures. In analyzing published literatures on speech disorders of right hemispheric stroke in terms of locations, speech disorder types and possible mechanisms, poor understanding of mechanisms for the subcortical CA was pointed out and also that there is no single theory providing a complete explanation of the speech dysfunction in CA ([@B17]).

The most common type of crossed aphasia was the non-fluent aphasia (72%), and only 27% of cases were fluent aphasia ([@B18]). These findings parallel with the results of present study, in which initial speech evaluation of all 7 patients showed non-fluent aphasia. The characteristics of language functions in the right hemisphere in CA patients are widely represented and that lesion anywhere in the right hemisphere produced non-fluent aphasia. In Basso et al.\'s study, the correlation between the aphasia type and the locus of lesion differed in patients with CA from the patients with aphasia secondary to left hemisphere lesion ([@B19]). However, on our reviewing of the published literature on CA from 1975 to 2004, it was also suggested that CA does not include more patients with non-fluent than fluent aphasia, and that the nonverbal neuropsychological impairments such as visuospatial neglect and apraxia are associated with CA ([@B20]). A case of crossed Wernicke\'s aphasia was also reported ([@B21]), and non-fluent CA following the right corpus callosum infarction was recently reported ([@B3]). All of our 7 patients had non-fluent aphasia and 2 out of the 3 patients with focal right basal ganglia infarction showed transcortical motor aphasia while one showed anomic aphasia.

Due to rarity of CA in dextral and its strict criteria, our retrospective study was performed with some limitations. The number of patients was small to ascertain that lentiform nucleus is the most commonly involved site in the development of CA, requiring more cases to support our findings. Also, only the initial speech evaluation was recorded, thus follow up evaluation to find out the prognosis of aphasia, or changes in type of aphasia over time was not performed. Additional examinations other than brain imaging, such as EEG and SPECT were not performed to further evaluate brain function in the left hemisphere, thus we have to take into consideration the undetected underlying left hemisphere lesion contributing to aphasia. Moreover, role of the lentiform nucleus and its linguistic function is yet lacking in the literature, and thus to be further elucidated in the future for better understanding of CA.

This study is the first to demonstrate the areas involved in CA by lesion mapping using brain MRI. The lentiform nucleus was the most frequently involved, overlapping in 6 out of 7 patients.

In conclusion, lentiform nucleus seems to be the neural substrate responsible for CA. More studies with larger number of cases and use of functional neuroimaging, together with more extensive correlation with the aphasia patterns would further enhance our knowledge in the future.
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KWAB, Korean Version of Aphasia Battery.
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Results of Western Aphasia Battery
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TCM, transcortical motor aphasia; AQ, aphasia qotient.
